Epigenetic programming is critical for normal development of mammalian embryos. Errors cause misexpression of genes and aberrant development (E. Li, C. Beard, and R. Jaenisch, Nature 366:362-365, 1993). Imprinted genes are important targets of epigenetic regulation, but little is known about how the epigenetic patterns are established in the parental germ lines and maintained in the embryo. Paternal allele-specific expression at the imprinted Rasgrf1 locus in mice is controlled by paternal allele-specific methylation at a differentially methylated domain (DMD). DMD methylation is in turn controlled by a direct repeat sequence immediately downstream of the DMD which is required for establishing Rasgrf1 methylation in the male germ line (B. J. Yoon et al., Nat. Genet. 30:92-96, 2002). To determine if these repeats have a role in methylation maintenance, we developed a conditional deletion of the repeat sequence in mice and showed that the repeats are also required during a narrow interval to maintain paternal methylation of Rasgrf1 in developing embryos. Removing the repeats upon fertilization caused a total loss of methylation by the morula stage, but by the epiblast stage, the repeats were completely dispensable for methylation maintenance. This developmental interval coincides with genome-wide demethylation and remethylation in mice which most imprinted genes resist. Our data show that the Rasgrf1 repeats serve at least two functions: first, to establish Rasgrf1 DNA methylation in the male germ line, and second, to resist global demethylation in the preimplantation embryo.
Studies of epigenetic programming in mammals have identified changes in epigenetic modifications during development and loci that are targeted for these modifications. After fertilization in mice, there is a wave of genome-wide demethylation followed by remethylation ending around the blastocyst stage (14, 22, 23, 25, 28) . Imprinted loci exhibit allele-specific expression and DNA methylation, yet they resist this wave of reprogramming (3, 33) and maintain their parent-of-origin specific imprint marks. This has made them attractive models for characterizing how epigenetic states are programmed. Imprinting of Rasgrf1 is controlled by a binary switch located 30 kbp 5Ј of the promoter. One component of the switch is a repeated DNA element that regulates establishment of methylation at an adjacent sequence on the paternal allele. The second component of the switch is the sequence acquiring methylation (the differentially methylated domain [DMD] ). The unmethylated maternal DMD can bind the enhancer blocking protein CTCF, block enhancer to promoter interactions, and silence the maternal allele. On the paternal allele, the repeats impart methylation to the DMD, ablating CTCF binding and thus allowing enhancer to promoter interactions and expression of the paternal allele (9, 39, 40) . The establishment of methylation at Rasgrf1 is completed in the germ line, with mature sperm being fully methylated (21, 30) .
Rasgrf1 is one of the few loci at which the cis-acting DNA sequences controlling establishment of germ line DNA methylation have been described previously. Transgenic studies showed that sequences from Igf2r (2) and Snrpn (1, 15) may control establishment of maternal allele methylation. However, the role of the Igfr2 sequences in the germ line or at the endogenous locus is unknown. Similarly, the importance of the Snrpn sequences at the endogenous locus has not been tested. In gene targeting experiments in which the mouse Snrpn imprinting center was replaced by orthologous sequences from human SNRPN, results showed that the human sequences on the maternal mouse chromosome enabled establishment of maternal methylation in oocytes; however, methylation was not maintained in somatic tissue (12) . This suggested that sequences important for methylation establishment on the maternal allele of Snrpn are conserved between mice and humans; however, the human sequences lack features present in the mouse that are needed for methylation maintenance. The dichotomy between mechanisms controlling methylation establishment and maintenance was also demonstrated at H19. Promoter-proximal sequences that acquired DNA methylation in the paternal germ line did not require all sequences within the DMD for their establishment; however, an intact DMD was needed for efficient maintenance of these marks (35, 36) . Also, methylation that spread from the DMD to the paternal promoter in zygotes required the DMD for its maintenance in more-differentiated tissue (35) . In transgenic mice with a 100-kbp human H19 transgene, germ line DNA methylation was properly established, but it was not maintained in somatic tissue (13) . A negatively acting signal that includes CTCF binding sites at the endogenous H19 locus maintains the maternal allele in an unmethylated state (26, 29) . A comparable negative signal from Snrpn may maintain the paternal allele in the unmethylated state (16) , but its activity at the endogenous locus is not known.
The relationship between mechanisms that establish and maintain DMD methylation remains unknown. Although we showed that the Rasgrf1 repeats regulate establishment of DNA methylation in the male germ line (40) , nothing is known about their role, if any, in maintaining methylation during somatic development. To address this question, we designed a conditional deletion of the repeats by flanking the repeat sequence at Rasgrf1 with LoxP sites. By crossing these mice with various cre transgenics to delete the repeats, we identified distinct roles for the repeats at different times during development.
RESULTS
Development of a conditional allele at Rasgrf1. To study the relationship between establishment and maintenance of methylation and to identify the critical developmental interval when maintenance of epigenetic programming occurs, we first identified the sequences that maintain Rasgrf1 methylation. We considered the possibility that the repeats which control establishment may also control maintenance. To test this, we generated mice in which the repeats were flanked by LoxP sites (floxed). The LoxP sites facilitated deletion of the repeats by cre recombinase transgenic mice after methylation was established and allowed us to determine if methylation could be maintained without the repeats. Depending on the cre transgenic used, we could delete the repeats at different developmental times and determine if there was a developmental interval during which the repeats must be present to maintain the DNA methylation. A targeting vector with floxed repeats and a neomycin phosphotransferase cassette flanked by FRT sites was used to prepare mice by gene targeting in embryonic stem cells (Fig. 1a) . Homologous recombination was confirmed at the 5Ј end by Southern blot assays (Fig. 1b) and at the 3Ј end by PCR. The primer pair used in the PCR assay included one specific to the targeting vector and one beyond the 3Ј boundary of the 3Ј homologous arm. Amplification of DNA from targeted cells, but not wild-type cells, resulted in a band of the predicted size (4,650 nt). It was cloned, and sequencing revealed that the predicted recombination had occurred at the 3Ј end ( Fig. 1b and data not shown) . The drug resistance marker was removed by crossing heterozygotes with FLPe transgenic mates ( Fig. 1c) (5) . We refer to the alleles as Rasgrf1 tm4Pds prior to drug resistance marker removal and as the Rasgrf1 tm4.1Pds or flox-R allele afterward (Fig. 1 ). Normal DNA imprinting can occur in mice with the conditional allele. We tested animals with a flox-R allele transmitted maternally or paternally, to determine if floxing the repeats impaired normal imprinted methylation and expression. We monitored DMD methylation status in somatic tissue by Southern blot analysis of tail DNA digested with PstI and the methylation-sensitive enzyme NotI. PstI digestion discriminated between the two alleles, with the wild-type allele producing an 8.0-kbp band and the mutated flox-R allele producing a 3.0-kbp band. Methylation of either allele prevents further digestion by NotI; absence of methylation permits further digestion, producing a 2.8-kbp band. Maternal transmission of the floxed repeats (flox-R/ϩ) did not affect normal Rasgrf1 methylation-the paternal allele remained methylated and the maternal allele remained unmethylated (Fig. 2a) . When paternally transmitted (ϩ/flox-R), the floxed repeats imparted normal DMD methylation in somatic tissue of 38 out of 42 mice tested; four mice were hypomethylated at NotI and HhaI sites in the paternal DMD as assayed by PCR and Southern blotting ( Fig. 2a and data not shown). Methylation was detected in the sperm DNA of ϩ/flox-R mice, indicating that the floxed paternal allele underwent proper establishment of germ line methylation and remained methylated at the point of fertilization (Fig. 2a) . We verified that the mutated paternal allele in ϩ/flox-R animals was methylated across the entire DMD using bisulfite sequencing (Fig. 3c) . The analysis revealed that all 26 CpGs assayed were extensively methylated to VOL. 26, 2006 REGULATION OF DNA METHYLATION MAINTENANCE 9565
at Penn State Univ on April 14, 2008 mcb.asm.org levels comparable to that of the wild-type paternal allele (40) . The bisulfite data confirmed our previous studies showing that the methylation state of the NotI site accurately predicted the methylation of the remaining CpGs (9, 40) . We next characterized Rasgrf1 expression using an allele-specific RT-PCR assay to determine if Rasgrf1 expression in the neonatal brain was still exclusively from the paternal allele in mice with floxed repeats. Also, we used real-time RT-PCR to see if floxing the repeats affected the levels of accumulated Rasgrf1 RNA. As was true with DNA methylation, Rasgrf1 expression was unaffected by floxing of the repeats ( Fig. 2b and c) . Methylation establishment and maintenance are controlled by Rasgrf1 repeats. Having determined that the floxed repeats behave just as the wild-type allele does, we crossed male mice with a flox-R allele to females expressing cre. Recombination by the maternal cre deletes the paternal repeats forming the Rasgrf1 tm4.2Pds allele. For simplicity, we refer to the repeatdeficient allele as ⌬-R. The transgenes that we used express cre in different tissues at different developmental times and included Zp3-cre (oocytes [19] ), Meox2-cre (embryonic ectoderm of the day 5.5 [e5.5] epiblast [34] ), Nestin-cre (e11 central nervous system [7] ), and Albumin-cre (by postpartum day 1 [P1] liver [27] ). To confirm that the maternal cre deleted the paternal repeats in the progeny of these crosses, we used a PCR assay that detected the recombination product (Fig. 1d) and Southern blot assays that distinguished the wild-type and mutated alleles, both recombined (⌬-R) and unrecombined (flox-R) (Fig. 3) . The sources of DNAs for these tests were the (129) and PWK mice or from progeny of PWK mothers and 129 fathers (PWKx129) or the reciprocal cross (129xPWK). In crosses, the 129 partner was heterozygous for the mutated allele. Reactions included RNA (R) or cDNA (U and C) and primers P8 and P9 (Fig. 1) or Rpl32 as control. Products were undigested (U) or digested with HhaI (C). An HhaI site in the PWK RT-PCR product is absent from 129. Fig. 1d  and 3 ). Our Southern blot assays used NotI-and BanII-digested DNAs. Unlike PstI digestion, this combination allowed us to differentiate, in mosaic animals, alleles with excised repeats (⌬-R) from those that cre failed to touch (flox-R). At the same time, this digest evaluated the methylation status of the NotI site. BanII digestion alone produces a 10-kbp wild-type band and a 5.6-kbp mutant band in mice carrying the ⌬-R allele. Further digestion with NotI will present a 5.4-kbp band in the absence of methylation ( Fig. 1 and 3) . In DNAs from progeny of Zp3-cre dams and flox-R sires, both the 10-kbp maternal and the 5.6-kbp paternal bands were digested to 5.4 kbp by NotI. This indicated that the paternal allele methylation that had been established on the flox-R allele (Fig. 2a) could not be maintained in neonates after Zp3-cre-mediated recombination converted it to the repeat-deficient ⌬-R allele in the zygote (Fig. 3a) . This implicates the repeats as playing a role in methylation maintenance as well as in methylation establishment as we previously showed (40) . In sharp contrast, when maternal cre deleted the paternal repeats at later times in the epiblast, central nervous system, or postpartum liver as directed by the Meox2-cre, Nestin-cre, or Albumin-cre transgenes, respectively, the ⌬-R allele consistently maintained a high level of methylation (Fig. 3a) . This indicated that the role of the Rasgrf1 repeats in DNA methylation maintenance depends on the developmental stage of the embryo.
We extended our methylation analysis beyond the NotI site detected by Southern blots to the HhaI sites in the DMD by using a methylation-sensitive PCR assay. DNAs used in Southern blot assays shown in Fig. 3a were digested with the methylation-sensitive enzyme HhaI or left undigested and then amplified with primers that were specific for the ⌬-R allele. HhaI digestion prevented any detectable amplification when assays were done using DNA from progeny of Zp3-cre females, but amplification products were readily detected in DNAs from other cre transgenic females (Fig. 3b) . This was consistent with the Southern blot results and showed that additional CpGs in the DMD failed to maintain methylation after the repeats were deleted in the zygote.
Finally, we confirmed the Southern and PCR results with bisulfite sequencing (Fig. 3c) . As predicted from the restriction analysis ( Fig. 3a and b) , repeat-deficient DNAs from progeny of the Zp3-cre cross had lost virtually all their DMD methylation from the paternal allele while DNAs from progeny of the Meox2-cre and Nestin-cre crosses had maintained virtually all of their methylation (Fig. 3c) . This further confirmed our previous observations that the methylation states of the NotI and HhaI sites accurately predict the methylation status of at least 26 CpGs in the DMD (9, 40) .
Our interpretation of these data is that not only are the Rasgrf1 repeats required for establishing DNA methylation at the paternal DMD in the male germ line as we previously showed (40) and they are also required to maintain the established methylation after fertilization. Furthermore, the interval between fertilization and the epiblast stage is the critical period when the repeats must be present in cis for maintaining paternal allele methylation at Rasgrf1 in mice. The shared requirement for the repeats during methylation establishment and maintenance suggests that a common mechanism is used for the two processes at Rasgrf1. Loss of methylation maintenance silences Rasgrf1. To evaluate the effects of the cre-mediated deletions on Rasgrf1 expression, we performed real-time RT-PCR using neonatal brain cDNAs from progeny of the Zp3-, Meox2-, and Nestin-cre crosses. Rasgrf1 is not expressed in liver or in early embryos, and so progeny of the Albumin-cre crosses and preimplantation embryos were not analyzed. We detected wild-type levels of Rasgrf1 RNA in progeny of the Meox2-and Nestin-cre crosses that maintained DMD methylation and markedly reduced levels in Zp3-cre progeny that lost DMD methylation (Fig. 3d) . This was consistent with our previous data showing that DMD methylation is needed for expression of Rasgrf1 in neonatal brain (9, 40) . Loss of imprinted expression in neonates did not produce overt developmental changes.
The critical interval for methylation maintenance is between fertilization and the epiblast stage. Our methylation analysis of the ⌬-R allele in progeny of Zp3-cre dams and flox-R sires was done using tissue taken from neonates. The lack of ⌬-R allele methylation in these mice may have been due to a gradual loss of methylation between fertilization, the earliest time when the deletion could occur, and the perinatal period, when tissues for methylation assays were taken. Alternatively, there may have been a rapid loss of methylation immediately after repeat deletion and prior to implantation, a period when the genome undergoes extensive global changes in the methylation state (14, 22, 23, 25, 28) . These are not mutually exclusive possibilities. To determine how quickly methylation could be lost from the ⌬-R allele after being formed by zygotic cre, we examined the methylation states of DNAs from two-cell, four-cell, morula-, and blastocyst-stage embryos isolated from Zp3-cre transgenic dams that were mated with flox-R sires. The sires had normal methylation at their flox-R allele (not shown). We used a restriction enzyme-based assay (Fig. 4a ) and bisulfite PCR (Fig. 4c) . Both assays showed that loss of methylation could occur on the ⌬-R allele as soon as the two-cell stage. However, two-and four-cell embryos also provided evidence of full methylation on the ⌬-R allele, raising the possibility that failure of methylation maintenance was by a passive mechanism. By the morula and blastocyst stages, loss of methylation from the ⌬-R allele was nearly complete. All embryonic stages assayed were mosaic for the recombined ⌬-R and unrecombined flox-R allele, allowing us to monitor flox-R methylation. Importantly, the unrecombined allele remained methylated, presumably because of the maintenance function provided by the still-present repeats. Methylation of the paternal flox-R allele was also present in twoand four-cell embryos taken from wild-type female dams (Fig. 4c) . Only the ⌬-R allele, without repeats, failed to maintain the methylation that had been established in the paternal germ line.
DISCUSSION
Rasgrf1 imprinting is controlled by a binary switch that includes the DMD and the repeats. The DMD is a methylationsensitive enhancer blocker that binds CTCF on the maternal allele, causing silencing. Methylation established on the paternal DMD by the repeats prevents CTCF binding and allows expression of the paternal allele (39) . We have previously shown that the repeats function to establish Rasgrf1 methylation in the male germ line (40) , which others have shown is complete in mature sperm (21) . Here we show that the Rasgrf1 repeats also regulate methylation maintenance in the embryo and identify the zygote-to-epiblast stage as the critical interval when maintenance mechanisms operate. Failure of maintenance in the zygote led to a rapid and nearly complete loss of DNA methylation by the uncompacted morula state. This critical period during which the Rasgrf1 repeats are needed for Immediately after fertilization, the paternal genome undergoes rapid, possibly active demethylation, followed shortly by the maternal genome, which may be passively demethylated through replication without remethylation (25, 28) . The apparently gradual loss of methylation as zygotes became two-cell and then four-cell embryos is consistent with a passive mechanism of methylation loss. However, these assays may not precisely report kinetics of methylation loss and cannot rule out an active mechanism. The paternal flox-R allele was detected in blastocysts taken from Zp3-cre females, indicating that zygotic cre had not completely converted the flox-R allele to the ⌬-R form at that stage. But by the end of gestation, we saw no mosaicism by PCR (Fig. 1d) or Southern blotting (Fig. 3a) . We also saw no evidence of remaining DNA methylation at the end of gestation (Fig. 3) . This indicates that failure of maintenance occurred if repeats were removed after the blastocyst stage. However, removing the repeats at the epiblast stage was not sufficient to disrupt methylation.
Our results are comparable to those showing that the paternal DMD at H19 is needed in the zygote for expansion of its germ line methylation mark into the promoter region but is dispensable in differentiated somatic tissue for maintenance of the expanded methylation (31, 32) . However, unlike the Rasgrf1 repeats, the H19 DMD is not required for establishing methylation at the H19 promoter (35) .
How the Rasgrf1 repeats regulate epigenetic programming at the locus either during establishment in the male germ line or during maintenance in the early embryo is unknown. The mechanism differs from those apparently operating at other imprinted loci because the same repeated sequences regulate both processes at Rasgrf1. Regulation by the repeats may involve small RNAs of the kind that can direct DNA methylation in plant and mammalian systems (17, 24, 38) and histone modifications in Schizosaccharomyces pombe (8, 37) . Additionally, the repeats may attract chromatin-modifying (18) or remodeling (6) factors or other unknown components that, in turn, influence DMD methylation. None of these possibilities is mutually exclusive. It is not known how well mechanisms regulating epigenetic programming at imprinted loci reflect mechanisms operating at nonimprinted loci. It is clear, however, that imprinted loci undergo reprogramming failure in animals prepared by somatic cell nuclear transfer to eggs which may contribute to abnormal growth phenotypes of cloned animals (11) . Understanding the mechanisms that regulate the epigenetic state may help to minimize epigenetic perturbations in manipulated embryos.
